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Abstract The binding of aromatic amino acids to the ligand
response domain of the tyrosine repressor (TyrR) protein
(TyrRlrd) of Haemophilus influenzae was investigated using
circular dichroism and fluorescence spectroscopy. The induced
secondary structural changes were unique for each aromatic
amino acid and were further influenced by the presence or
absence of ATP. Tyrosine was found to have the highest affinity
for TyrRlrd in the absence of ATP, whereas the affinity for ATP
itself increased in the presence of tyrosine. Binding of tyrosine is
therefore the conformational trigger for the activation of TyrR
whereas ATP is regarded as a conformational co-activator.
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1. Introduction
The tyrosine repressor (TyrR) proteins belong to the NtrC
superfamily of prokaryotic transcription factors. They control
the expression of several genes involved in the biosynthesis
and transport of aromatic amino acids [1,2]. Their exact
mode of action remains unclear because of the ability of these
proteins to up- or down-regulate the transcription of their
target genes. TyrR of Escherichia coli (513 amino acid resi-
dues) consists of three domains, the N-terminal, the central
and the DNA binding domain, and acts on its operator se-
quences as a homo-dimer [3,4]. The central domain (amino
acids 191^467) contains the tyrosine binding site as well as at
least one binding site for ATP. Although TyrR was reported
to show a weak ATPase activity [5], the exact role of ATP has
not yet been clari¢ed.
Based upon limited proteolytic cleavage, the TyrR protein
of Haemophilus in£uenzae was found to consist of only two
domains [6] : the 28 kDa ligand response domain (TyrRlrd)
and the 8 kDa operator binding domain. Compared to
TyrR of E. coli, TyrR of H. in£uenzae lacks the additional
N-terminal domain which was found to be critical for positive
transcriptional regulation in E. coli [7]. Like the central do-
main of TyrR of E. coli, TyrRlrd of H. in£uenzae contains
binding sites for both tyrosine and ATP and is assumed to
contain the dimerisation determinants.
Recently, Bailey et al. [8] reported on the thermodynamics
of operator binding to TyrR of E. coli. Using £uorescence
quenching of a £uorescein-labelled oligonucleotide, these au-
thors found that ATP strengthened the binding of TyrR to
operator DNA. They suggested that the presence of ATP led
to a favourable conformational change upon operator binding
which generated a more stable protein/DNA complex.
In the current study, we have undertaken £uorescence titra-
tion studies to investigate the binding of tyrosine to the
TyrRlrd of H. in£uenzae and the dependence of this interac-
tion upon ATP. In addition, secondary structural changes,
detected by circular dichroism (CD) spectroscopy, appeared
to relate ligand binding to structural e¡ects. Taken together
with the results of Bailey et al. [8], the data presented here give
a clearer picture of the di¡erences and mutual dependences of
a⁄nities for ligands of TyrRlrd.
2. Materials and methods
2.1. Expression and puri¢cation of TyrRlrd
Construction of the expression plasmid, overexpression and puri¢-
cation of TyrRlrd have been described in detail elsewhere [2,6]. For
spectroscopical measurements, freshly thawed protein samples were
thoroughly dialyzed against NaPi (50 mM, pH 7.0) containing 200
mM NaCl, 100 WM DTT and 1% glycerol.
Commercially available samples of tyrosine, tryptophan, phenylala-
nine and ATP (Sigma, St. Louis, MO, USA) were used in the binding
studies.
2.2. Fluorescence measurements and data analysis
Steady state £uorescence measurements were recorded on a Perkin
Elmer (Beacons¢eld, UK) LS50B £uorometer as described previously
[9]. In the £uorescence intensity titrations, the emission of a 1 WM
TyrRlrd solution upon excitation at 285 nm was recorded over the
range of 300^400 nm following the addition of an aliquot of the
respective ligand and an equilibration period of 2 min. The use of
very concentrated ligand stock solutions ensured a dilution of the
protein sample of less than 10%. The slit widths were set at 2 nm
and the spectra were recorded with 100 nm/min. A 290 nm cut-o¡
¢lter was inserted into the emission path to avoid stray light. The
samples were stirred during the measurements and the temperature
was maintained at 22‡C by coupling to an external water bath. After
background subtraction, the £uorescence intensity, F, was integrated
and the mean values resulting from three independent experiments
were plotted against the volume-corrected concentration of the added
ligand. The resulting binding isotherms were analysed by non-linear
regression using the programme Origin (Microcal, Northampton,
USA) to the following equation describing a bimolecular association
reaction:
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where Fi is the initial and Fmax is the maximum £uorescence value, Kd
is the dissociation constant and [TyrRlrd] and [L] are the total con-
centrations of TyrRlrd and ligand, respectively. The ¢tted parameters
were Fmax and Kd. This equation is based on the general solution for a
bimolecular association reaction [10].
2.3. CD measurements and analysis
The CD spectra of aqueous TyrRlrd and TyrRlrd/ligand complex
solutions were recorded in cuvettes with a path length of 0.1 cm on
a Jasco J-710 spectropolarimeter (Japan Spectroscopic, Tokyo, Ja-
pan). Spectra were collected with a response time of 0.25 s and with
a data point resolution of 0.1 nm. Commonly, ¢ve scans were aver-
aged to yield smooth spectra. The concentration of TyrRlrd was held
constant at 5 WM for all CD measurements. Analysis of the CD
spectra with respect to secondary structural elements was accom-
plished using the programme SELCON [11].
3. Results and discussion
Very limited structural information is available on the NtrC
transcription factor family. Intensive sequence comparisons
and secondary structure predictions were therefore undertak-
en as a ¢rst step to understand the structure^function rela-
tionship of the TyrRlrd of H. in£uenzae. Sequence alignment
using BLAST against ProDom domains [12] yielded the high-
est homology, 39% identity and 56% homology, with the NifA
family of transcription factors involved in nitrogen ¢xation
[13]. These proteins are transcription activators and act in
concert with the c54 RNA polymerase. Another common fea-
ture of the NifA proteins is that they bind ATP. The consen-
sus sequence for ATP binding, (GExGTGKE), is located in
the N-terminus of the NifAs [13].
Given the high sequence homology, it was possible to pre-
liminarily identify the ATP binding site in the TyrRlrd of
H. in£uenzae. Similarly to the NifAs, ATP binding is pre-
sumed to occur near the N-terminus of the protein at the
sequence GETGSGKD starting at position 43. According to
secondary structure prediction using PredictProtein [14], this
sequence is most likely located in an K helix. The overall
percentage of secondary structure for TyrRlrd of H. in£uenzae
obtained by this numerical method was 45.9% K helix, 13.6%
L sheet and 40.5% loop.
In order to experimentally determine the secondary struc-
ture content of TyrRlrd of H. in£uenzae, the CD spectra of the
protein were recorded. In Fig. 1, the CD spectra of unli-
ganded TyrRlrd as well as spectra obtained of TyrRlrd in com-
plex with di¡erent ligands are shown. The high content of K
helix becomes immediately obvious from the strong signal at
222 nm (Fig. 1). Upon secondary structure analysis using the
SELCON algorithm [11], the overall percentage of secondary
structure elements was found to be 42.5% K helix, 17.6% L
sheet and 39.9% loop. This result is in very good agreement
with the secondary structure prediction obtained by Predict-
Protein (see above).
Next, the changes in secondary structure induced by various
ligands of the TyrRlrd were investigated. Adding a 4-fold mo-
lar excess of tyrosine to the TyrRlrd did not a¡ect the CD
spectrum of the protein (see insert, Fig. 1). Similarly, the
addition of both tyrosine and ATP (10-fold molar excess)
had no detectable e¡ect on the CD spectrum of TyrRlrd. In-
terestingly, however, adding ATP in a 10-fold molar excess in
the absence of tyrosine resulted in a signi¢cant change in the
secondary structure of the protein (see Fig. 1). ATP-induced
structural changes are a common theme among ATP binding
proteins. This fact has recently been documented for the fam-
ily of chaperones [15]. In the case of TyrRlrd, this was also
expected, especially because of the location of the ATP bind-
ing site within a dominant secondary structural element. The
magnitude of this conformational change, however, was
found to be dependent upon the presence of tyrosine (see
insert, Fig. 1) showing clearly that the binding sites for tyro-
sine and ATP communicate.
Since the TyrR protein of E. coli can also be activated by
tryptophan and phenylalanine binding, the e¡ect of these li-
gands on the CD spectrum of the TyrRlrd was determined in
Fig. 1. CD spectra of 5 WM TyrRlrd in the presence of 50 WM ATP and in the presence of 50 WM ATP/20 WM tyrosine (insert). The spectra
were corrected for the background signal of bu¡er plus ligand(s).
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order to investigate possible di¡erences in the induced confor-
mational changes relative to tyrosine (see Fig. 2). In contrast
to the study by Argaet et al. [16] in which the authors re-
ported no detectable binding of phenylalanine or tryptophan
to the full-length TyrR protein of E. coli, we detected a sig-
ni¢cant change in the TyrRlrd CD spectrum upon the addition
of a 4-fold molar excess of either tryptophan or phenylala-
nine. Distinct secondary structural changes for the two aro-
matic amino acids were observed independent of whether
ATP was present (in a 10-fold molar excess) or absent. Com-
pared with the binary complexes, the ternary complexes con-
sisting of TyrRlrd, ATP and aromatic amino acid yielded CD
spectra with smaller changes in the secondary structure rela-
tive to the unliganded protein. The smallest secondary struc-
tural change relative to the unliganded protein was, however,
found for tyrosine and tyrosine/ATP binding to TyrRlrd (see
insert, Fig. 1). The di¡erences in secondary structure of the
ternary complexes, TyrRlrd/Tyr/ATP, TyrRlrd/Phe/ATP and
TyrRlrd/Trp/ATP, appear to re£ect di¡erent modes of repres-
sor activation. As pointed out earlier by Pittard and Davidson
[17], the composition of the TyrR/e¡ector complex is decisive
for the recognition of a speci¢c transcription unit and for
determining whether it is activated or repressed: repression
is almost exclusively mediated by tyrosine-activated TyrR,
whereas activation is accomplished only by phenylalanine-ac-
tivated TyrR. Conformational changes due to e¡ector binding
are thought to be responsible for tyrosine-mediated repression
as well as for phenylalanine-mediated activation, the former
leading to cooperative interaction between two TyrR dimers
and the latter facilitating cooperativity between one TyrR
dimer and RNA polymerase. These di¡erences in e¡ector-in-
duced conformational changes are re£ected in the di¡erences
among the CD spectra of the respective binary and ternary
TyrRlrd complexes (see Figs. 1 and 2).
To further investigate the mutual dependence of the various
ligands with respect to binding to TyrR, we determined their
binding a⁄nities to TyrRlrd using the £uorescence of the sin-
gle tryptophan residue at position 223. The maximum emis-
sion of TyrRlrd upon excitation at 283 nm occurred at 333
nm, which is typical for a rather solvent-shielded tryptophan
chromophore. Adding the ligands ATP, tyrosine or phenyl-
alanine resulted in a quenching of the £uorescence intensity
and led to a 2 nm red-shift of the maximum emission. This
can be interpreted as a conformational change of the Trp-223
microenvironment upon ligand binding [18]. Binding of tryp-
tophan to TyrRlrd could not be investigated by this method
because of the strong £uorescence of this ligand which ren-
dered background correction impossible. From the saturation
curves obtained by titrating the TyrRlrd with increasing
amounts of ligand, the Kd value for the respective interaction
was calculated (see Table 1).
Assuming a stoichiometry of 1 mol ligand per mol TyrRlrd
monomer [16], the highest Kd value and thus the lowest a⁄n-
ity was found for the interaction of ATP with TyrRlrd in the
absence of tyrosine (see Fig. 3, curve A). The a⁄nity for ATP
could be raised by ¢rst pre-incubating TyrRlrd with a 4-fold
molar excess of tyrosine, then titrating with increasing
amounts of ATP (see Fig. 3, curve B). This result stands in
contrast to the higher a⁄nity of tyrosine for the TyrRlrd in the
absence of ATP compared to its a⁄nity in the presence of a
10-fold molar excess of ATP (see Table 1). The Kd for the
binding of phenylalanine to TyrRlrd was found to be 10 times
higher than that of tyrosine (see Table 1). In the absence of
ATP, the Kd of phenylalanine also increased although the
di¡erence in the respective dissociation constants was not as
large as for tyrosine (see Table 1). Our observations are in
agreement with the lack of a role for ATP in phenylalanine-
Fig. 2. CD spectra of 5 WM TyrRlrd in the presence of 50 WM ATP/20 WM tryptophan. The spectra were corrected for the background signal
of bu¡er plus ligand(s).
Table 1
Dissociation constants for TyrRlrd/ligand interactions. Data were an-
alysed as described in Section 2
Receptor Ligand Kd (1036 M)
TyrRlrd Tyr 0.043 þ 0.024
TyrRlrd/ATP Tyr 1.089 þ 0.146
TyrRlrd Phe 0.573 þ 0.072
TyrRlrd/ATP Phe 1.062 þ 0.135
TyrRlrd ATP 2.396 þ 0.242
TyrRlrd/Tyr ATP 1.198 þ 0.054
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mediated activation of TyrR-controlled transcription units
[17].
In conclusion, we propose a model for the ligand-induced
activation of TyrR based on our CD secondary structure and
£uorescence binding studies. In a multi-component transcrip-
tion complex, the critical activating molecule is assumed to be
the one with the highest a⁄nity for its receptor which is com-
monly also rate-limiting due to its low concentration such as
in the situation of starvation. Tyrosine has by far the lowest
Kd for the interaction with its receptor (Table 1). Since the
a⁄nity for tyrosine decreases in the presence of ATP, whereas
the a⁄nity for ATP is increased in the presence of tyrosine,
the mutual dependence of ligand binding to the TyrRlrd of H.
in£uenzae in vitro becomes obvious. This is also re£ected in
the secondary structural changes upon ligand binding. ATP
itself induced a change in the overall secondary structure
which was reversed by the addition of tyrosine, whereas no
changes occurred when the order of ligand addition started
with tyrosine followed by ATP (see Fig. 1). The di¡erences in
dissociation constants as well as in conformational changes
found for the other aromatic amino acids, phenylalanine
and tryptophan, re£ect thermodynamic and structural ¢ne
tuning that are the hallmarks of transcriptional regulators
such as TyrR. These results, viewed in the light of the ¢ndings
of Bailey et al. [8] showing that DNA binds more strongly to
TyrR in the presence of ATP, prove that the nucleotide is a
conformational co-activator of TyrR. How this mutual de-
pendence of ligand binding to TyrR comes into play in
vivo, where the concentration of ATP is reported to be
3 mM [19] and TyrR is thus always saturated with the nucleo-
tide, remains to be clari¢ed.
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Fig. 3. Binding isotherms for the interaction of TyrRlrd with ATP
in the absence (curve A) and in the presence (curve B) of tyrosine.
The changes in £uorescence are plotted as the normalised change in
£uorescence (3vF/F0, where F0 is the initial £uorescence intensity
before addition of ligand) vs. the concentration of ATP (WM). The
data represent mean values of three independent experiments and
were ¢tted as described in Section 2.
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